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HOTONIC crystals (PCs) consist of periodic arrangements of dielectric (or metallic) elements with a strong dielectric contrast [1] . In these structures, the achieved wavelength-scale periodicity affects the properties of photons in a way similar to that in which semiconductor crystals affect the properties of electrons. Light propagation along particular directions is forbidden within relatively large energy bands known as photonic bandgaps (PBGs) [2] in analogy with the concept of electronic bandgap in semiconductors. Initially proposed as a generalization of 1-D dielectric Bragg mirrors to two or three directions [2] , [3] , PCs have opened new ways to tailor the light-matter interaction and in particular to control spontaneous emission [2] , [4] . Moreover, the introduction of line or point defects into simple PCs results into allowed photonic states inside the stopgap, whose shapes and properties are dictated by the nature of the defect, e.g., guided modes propagating in a line defect or cavity modes confined in a point defect. These promising capabilities of PCs have led to the design of new photonic systems with potentially superior properties for photon confinement [5] .
Among the large variety of PCs, of particular interest are three-dimensional (3-D) PCs. Since their bandstructure can present a complete PBG, from the basic physics point of view, 3-D PCs are the ideal structures for light control. Up to now, their study and their effective application in optical devices have been strongly limited by complex fabrication problems. Many fabrication techniques have been investigated in order to achieve 3-D semiconductor-based structures both at optical and at infrared wavelengths [6] - [10] . However, in many cases, reproducibility, reliability, control of PC parameters, application to real devices, etc., are still open issues and their fabrication is still a grand challenge.
On the other hand, it has been proven that, although an omnidirectional PBG is only possible in 3-D PCs, a 2-D PC combined with a step-index waveguide in the vertical direction offers enough light control for integrated optics applications [11] . Up to now, the potentials of this approach has been successfully demonstrated in GaAs-based structures, for wavelengths ranging from 900 to 1100 nm [12] - [16] . First, concerning future applications in photonic integrated circuits, remarkable advantages stem from the use of mature fabrication technologies, such as standard epitaxy, e-beam, and nanolithography techniques [17] . Furthermore, the vertical guiding structure combined with an internal light source (ILS) allows the optical characterization of PCs. Photoluminescence (PL) emission is excited inside the heterostructure through which the PC is etched and then guided toward the PC itself [13] , [14] . Finally, 2-D PCs deeply etched in low refractive index contrast slab waveguides have been demonstrated to be the preferable approach to reduce out-of-plane losses in compact PC structures with many close-packed defects [18] , [19] .
In the last few years, the use of 2-D or quasi-2-D PCs has been widely explored in order to improve the overall performances of optoelectronic devices [5] , [20] . In particular, 0018 -9197/02$17.00 © 2002 IEEE the possibility of exploiting the capabilities of PC-based photonic integrated circuits in multichannel wavelength-division multiplexing devices has been envisaged [21] . Since InP is the material system most commonly used in long-wavelength telecommunications applications, InP-based PCs have been studied, such as GaInAsP/InP 2-D PCs formed by submicrometer column arrays [22] , [23] . Two-dimensional PC mirrors have been used in InP-based short cavity lasers [24] , while many efforts have been devoted to fully PC-based emitters, like membrane-based PC defect lasers [25] - [27] or PC cavity lasers fabricated in air/GaInAsP/SiO /Si [28] and air/GaInAsP/Al O [29] vertical step-index waveguides. Also, passive structures have been realized by etching PC-based waveguides into a GaInAsP film cladded between air and SiO [30] . In spite of this remarkable progress, due to the use of high index contrast heterostructures, the performance of these devices is strongly affected by out-of-plane losses [18] , [19] . Moreover, although low contrast slab waveguides have proved so promising in GaAs-based applications, this approach was still lacking in InP-based systems.
In this paper, we present the first optical study of quasi-2-D PCs with low vertical light confinement fabricated into an InP/GaInAsP slab waveguide containing GaInAsP quantum wells (QWs) as a built-in probe source. PC structures consisting of a triangular lattice of air holes have been etched normally to the guide plane. Based on the results obtained in GaAs-based systems [12] , moderate air-filling factor values ( 0.30) and air hole diameters have been chosen to minimize out-of-plane losses. Such low values result in a full gap only in the transverse electric (TE) polarization direction. The ILS approach originally proposed for the investigation of GaAs-based 2-D PCs [12] was exploited to characterize the optical properties of the fabricated PC structures. The original setup was implemented and adapted to InP-based systems working in the integrated optics spectral window around 1.5 m. In Section II, the ILS experimental principle is briefly described. In Section II-A, details of the experimental setup are illustrated, while Sections II-B and II-C describe the experiments performed on simple PC slabs and on 1-D Fabry-Pérot (FP) cavities, respectively. In Section III-A, the main structural and optical properties of the GaInAsP/InP heterostructure are discussed. PC fabrication is presented in Section III-B, where details of both the e-beam and on the etching procedures are given. Also, the main results of the PC structural characterization are shown. In Section III-C the layouts of PC slabs and 1-D cavities are briefly sketched. The properties of the probe beam are illustrated in Section IV-A, where the emission from the GaInAsP QWs is analyzed in detail. In particular, the QW reabsorption effects on the spectral shape of the guided beam are discussed and the choice of GaInAsP QWs as the source is substantiated. Section IV-B is devoted to the experimental results on simple PC slabs. Transmission spectra are shown and compared to theory. Two-dimensional plane-wave expansion (PWE) and finite difference time-domain (FDTD) methods are used to best-fit the experimental data. The results of the FDTD best-fit are analyzed in the framework of the out-of-plane loss model proposed in [18] . In order to reproduce the complex hole morphology in the measured samples, the ideal cylindrical hole shape was substituted by a more realistic cylindro-conical shape. Preliminary results are shown which reveal the possibility of separating loss contributions from hole depth and shape. Predictions are made on further fabrication improvements needed to reduce losses in the allowed bands for 
II. INTERNAL LIGHT SOURCE TECHNIQUE
In the last few years, the ILS technique has been successfully applied to the study of quasi-2-D PC structures deeply etched in GaAs-based vertical step-index waveguides [12] . This method has been demonstrated to be a powerful tool both to assess some fundamental PC properties and to measure reflection ( ), transmission ( ), and diffraction [13] - [16] , eliminating difficulties and uncertainties arising in standard optical techniques (e.g., the "end-fire" method [31] - [35] ).
A. Experimental Setup
In Fig. 1(a) , the general configuration for ILS experiments is illustrated. The PL excited inside two GaInAsP QWs embedded in an InP/GaInAsP slab waveguide is used as a built-in light source. Part of the PL signal propagates parallel to the surface as a guided mode and interacts with the PC structure. Then, the image of the guided beam escaping from the sample through a cleaved facet is coupled into a multimode optical fiber ( 100 m) for spectral analysis. Due to refraction at the layer boundaries, three different beams come out from the cleaved facet after propagation through air, substrate, and inside the guide, respectively [see Fig. 1(a) ]. As discussed in [13] , when the distance between the excitation spot and the edge is large enough (e.g., 30 m), the cross-talk between the three signals is negligible and the selective analysis of the guided light can be performed by imaging the edge signal. Fig. 1(b) shows a typical image obtained when the collection optics is focused on the facet. The guided beam appears as a focused bright line along the edge while the white circle ( 4 m) represents the conjugate image of the collection fiber. The guided contribution can be selected and spatially resolved aligning the circle with the bright line. A detailed scheme of the experimental setup is shown in Fig. 2 . A setup similar to the one used to investigate GaAs-based 2-D PCs ( 1 m) in [12] - [14] was modified to perform ILS experiments also on InP-based systems ( 1.5 m). A 10-mW He-Ne laser ( 633 nm) is used to excite spontaneous emission inside the GaInAsP double-QW active region. The laser beam is expanded and spatially filtered. A 40 microscope objective with numerical aperture NA 0.65 focuses the beam onto the sample surface. The achieved excitation spot diameter 4 m yields a maximum pumping density of 50 kWcm . When focusing the laser beam, the use of a dichroic mirror along with an Si-CCD camera supplies the simultaneous imaging of the sample front surface and the excited PL spot [see Fig. 1(c) ]. The light beams escaping from the cleaved facet are collected with a perfectly achromatic 36 Cassegrain objective. The limited numerical aperture (NA 0.5) gives an internal in-plane collection angle 9 and assures the directionality of the measurement [13] . A polarizer allows one to select the TE-polarized component of the signal. Finally, as mentioned above, a beamsplitter is used to split the collected signal into two beams. The first is focused by a long-focal lens onto an (In, Ga)As near-infrared area camera to image the facet signal. The second beam is coupled into the fiber and fed into a 0.46-m flat-field imaging spectrograph for spectral analysis. The spectrometer is equipped with a 150-lines/mm grating blazed at 1200 nm (resolution 1 nm/pixel; total covered spectral range 360 nm) and a liquid N cooled (In, Ga)As photon counting array detector.
B. Experiments on PC Slabs
The experimental configuration for PC slab transmission measurements is illustrated in Fig. 3(a) . The reference signal and the PC-related signal are measured keeping constant the distance between the excitation points and the cleaved facet. High values ( 60 m) are generally chosen to selectively detect only the vertical guide fundamental mode (see Section III-A). Provided that the PL emission remains homogenous, the ratio yields the absolute transmission spectrum of the PC slab. Due to the limited width ( 100 nm) of the probed spectral range, "lithographic tuning" [12] is used. Instead of fabricating several samples with appropriately tuned active layers, the QW emission wavelength is kept constant and the scaling property of PCs [1] is exploited. PC slabs with different pitch ( ) values and constant air filling factor ( ) are measured and the whole PBG is explored as a function of the reduced frequency .
C. Experiments on 1-D FP Cavities
The deduction of data from the PC slab spectra is not straightforward and the obtained values are strongly affected by experimental uncertainties [14] . Nevertheless, it is well known that the extraction of high values from measurements on high finesse planar 1-D FP cavities is a more accurate technique [37] . As shown in Fig. 3(b) , such cavities can be easily created by introducing a spacer (i.e., a line defect) between two PC slabs etched parallel to the cleaved edge [36] , [38] . Single slab optical properties can be accurately deduced from the analysis of the FP resonance peaks appearing in the transmission spectrum [39] . In particular, quality factor (or finesse ) and peak transmission ( ) values are function of single mirror and values.
III. SAMPLE DETAILS

A. GaInAsP/InP Heterostructure
Details on the GaInAsP/InP heterostructures are shown in Fig. 4 (a). They were grown by metal-organic vapor phase epitaxy on -InP substrates. The heterostructure is nominally undoped and consists of a InP/Ga In As P /InP waveguide with a built-in light source. The waveguide core is a Ga In As P layer lattice matched to InP and with a direct bandgap emission wavelength 1.22 m. The light source consists of two Ga In
As P strain-compensated QW packages (QW1 and QW2) separated by a 30-nm spacer and located approximately in the middle of the guiding structure between two 181-nm-thick barrier layers. The composition and thickness of the wells were optimized to obtain emission wavelengths 1.55 m and 1.47 m for QW1 and QW2, respectively. The total thickness of the guide layer, including the QWs, is 434 nm. The cladding of the waveguide was achieved sandwiching the core between a 200-nm-thick InP cap layer (top) and a 600-nm-thick InP buffer layer (bottom).
The refractive index profile of the InP/GaInAsP/InP waveguide is shown in Fig. 4(b) . In the spectral region of interest (i.e., 1.55 m), the values 3.35 and 3.17 were assumed for GaInAsP and InP, respectively. The resulting structure is a multimode waveguide with three propagating TE modes [40] . The effective refractive index corresponding to the fundamental TE mode was calculated yielding the value (calc) 3.23. The squared field profile of the mode is presented in Fig. 4 (b); its maximum is slightly shifted from the center of the core layer, while it decays exponentially in the cladding layers. The shift between the profile peak and the location of the QWs slightly reduces the QW reabsorption on the propagating mode. We note that, due to the material dispersion, is a function of and, for a PL beam centered at 1500 nm (see Section II-B and Fig. 9 ), the effective index dispersion of the guided mode is 2.5 10 nm [39] . Then, since for a single ILS measurement a spectral interval 100 nm is probed and , dispersion-corrected values are found to range from 3.23 to 3.255. In order to average the effect of dispersion on the guided mode, the value 3.24 was assumed for the calculations discussed in Section IV. Concerning the two higher order TE modes traveling in the waveguide, they are found to lie mostly in the cladding layers. As mentioned in Section II-B, for propagation distances longer than 60 m, they leak completely into the substrate and the probe light is in the fundamental mode.
B. PC Structure Fabrication
PC structures were etched in the GaInAsP/InP heterostructures by e-beam lithography and chemically assisted ion beam etching (CAIBE). Two samples were fabricated with 240-500 nm ( 20 nm) and different intended values: 0.25 0.30 for sample A, and 0.30 0.35 for sample B. Details of the PC layouts will be given in Section III-C.
In order to form a durable etch mask for the subsequent CAIBE process used to fabricate the PCs in the semiconductor heterostructure, the procedure already described in [24] for InP-based systems was adopted. A value of 150 nm of SiO was sputtered on the sample yielding an etch mask suitable for high-resolution patterning. The triangular PC pattern was written in 500-nm spin coated polymethylmethacrylate (PMMA) resist by e-beam exposure. Details on the standard e-beam procedure are given in [41] . After development of the PMMA in 1 : 3 methylisobutylketone/propanol, the PC hole pattern was transferred into the SiO layer using CHF /Ar-based reactive ion etching (RIE). We remark that this two-step writing method provides higher selectivity in the mask patterning, while the use of thicker masks allows one to achieve deeper holes.
In PC structures made of air holes deeply etched into semiconductor heterostructures, losses strongly depend on the hole morphology [42] - [44] . We are reminded that an insufficient hole depth with respect to the vertical extent of the mode field profile [43] and/or a conical hole shape [44] increase light scattering into the substrate (see Section IV-B). Thus, in order to minimize out-of-plane losses, the etching procedure has to provide deep holes ( 1.5 m) with as vertical/straight walls as possible. This requires an etch process supplying high anisotropy and high aspect ratios. In the case of microstructures, it has been shown that CAIBE based on Ar/Cl can be used to obtain vertical profiles with high aspect ratio [45] . Moreover, in a previous work [46] , the advantages of this procedure for PC etching have been shown in comparison to the standard methane-based RIE. Thus, Ar/Cl CAIBE was applied to etch PC structures into InP/GaInAsP slab waveguides using the e-beam exposed SiO masks. In Ar/Cl ion beam eatching, the sample is sputtered by an energetic argon ion beam with 5 sccm flow and 400 eV ion energy. At the same time chemical attack is generated by a 1-sccm chlorine flow. Bombarding argon ions preferentially sputters phosphorus atoms whereas chlorine enhances the removal of indium atoms by reacting with them to form volatile etch products (InCl ). However, the vapor pressure of InCl etch products is quite low at room temperature. Consequently, the sample needs to be heated to obtain efficient removal of InCl . The hole morphology was found to be optimal at a temperature of about 220 C and for an etch interval of 20 min. Fig. 5 shows (a) the cross section and (b) the top-view scanning electron micrographs (SEMs) of a PC test structure with the same value as sample A and 400 nm. The hole shape is conical with nearly vertical walls close to the surface and a strongly tapered bottom. The hole morphology is similar for all and values. The measured dependence of the hole depth on is presented in Fig. 6 for both samples. In the inset, the hole depth versus the nominal hole diameter is shown: similar curves were obtained for all values ranging from 0.25 to 0.40. For values larger than 220 nm an etch depth of about 2.5 m was achieved. However, for smaller we observed a decrease of the hole depth with decreasing . In other words, the etch rate for smaller holes lags behind that for bigger holes. This lag effect can have several origins: 1) ion shadowing, i.e., the screening of the ion beam by the mask edge; 2) deflection of the ions due to mask charging; and 3) redeposition of the etch products on the hole walls. At the present time, it is difficult to identify which of these mechanisms is dominant. These factors also affect the shape of the etched holes, often resulting in nonvertical walls (see Fig. 6 ). Moreover, we observed a slight "bending" toward the hole bottom on most of the etched PCs. The bending occurs in the same direction in the case of the PC structure shown in Fig. 6 while other PC structures etched with the same process show different orientation from one hole to another. The mechanisms responsible for this bending are not yet well understood.
C. PC Structure Layouts
The layout of simple PC slabs is shown in Fig. 7(a) . same value as sample B and 240 nm is presented in Fig. 7(b) . Due to a slight widening of their width in the K direction, the holes are not circular as expected, but they have an elliptical shape with the principal axis laying along K. The same shape was observed for all and values. Since this hole anisotropy was already present in the SiO mask before etching, the origin of the hole "squeezing" has to be found in the e-beam lithography: the direction of the widening corresponds to the scanning direction of the electron beam used to pattern the PMMA resist.
One-dimensional FP cavities were fabricated for both samples using M-oriented PC-based mirrors separated by a spacer varying from 500 to 1100 nm [see Fig. 8(a) ]. PC slabs 30 m long and 4 rows thick were used as mirrors, with 300-480 nm and 20 nm. The "physical" cavity width was exactly determined by SEM measurements [see for example Fig. 8(b) ]. The following values were found for the normalized width : 1.7, 1.8, 1.9, 2.0, 2.1, and 2.2. 
IV. EXPERIMENTS AND DATA ANALYSIS
A. Guided PL Probe Beam
Typical guided PL spectra taken at room temperature with the excitation spot at distance 70 m from the cleaved facet are presented in Fig. 9 for the TE polarization. The pump energy density was 5 kWcm . The PL peaks from QW1 and QW2 (see Section III-A) appear at 1530 nm and 1495 nm, respectively. The feature evidenced at 1220 nm is attributed to the Ga In As P layer band-gap emission.
As anticipated in Section II-B, the guided PL spectrum is strongly affected by the QW reabsorption. The absorption coefficient plotted in Fig. 10 was obtained measuring the bare guided signal for different values between 50 and 100 m and using a Lambert-Beer-type formula modified to take into account the variation of the collection angle with [13] , i.e., Table I. where is a constant, is the total intensity emitted at the excitation point, and is the transmission coefficient at the interface with air. The two shoulders centered around the emission wavelengths are due to the TE-polarized electron-heavy-holes recombination in QW1 and QW2, respectively [47] . The strong contribution from QW2 heavily influences the shape of the guided PL spectrum in the low-wavelength region (e.g., the edge at 1440 nm), while due to convolution of the QW1 and QW2 PL peaks an overall spectral window 100 nm is obtained. The latter value can be further increased by performing measurements at high pumping power ( 50 kWcm ). The resulting peak broadening increases the useful spectral window to 130 nm covered by the ILS probe beam. This intrinsic limit could be overcome substituting QWs with quantum dots (QDs) as already done for ILS measurements on GaAs-based structures [12] . Unfortunately, while InP QDs emitting in the visible have been widely studied [48] - [50] , the technology of the recent InAs-InP QDs emitting at 1.55 m is not easily accessible [51] , [52] , and GaInAsP strain-compensated QWs are at the moment the best available choice [53] .
B. Simple PC Slabs
Transmission spectra through 10-row-thick PC slabs along both M and K orientations and for TE polarization are shown in Fig. 11 (a) and (b) for samples A and B, respectively. Well-defined stop-gaps appear in the spectra for each sample in both orientations. The energy position of the dielectric and the air bandrelated transmission edges are reported in Table I . As expected [12] , K edges are located at higher energies than the M corresponding ones: due to the higher value at the Brillouin zone edge, the K stopband is centered at a higher energy than the M stopband but has a similar width. As widely demonstrated by purely 2-D band structure calculations [12] , when triangular lattices of air holes in a dielectric matrix are considered, the TE gap width increases with as well as the dielectric and air band edge energies. In agreement with the choice of (see Section III-B), sample B spectra present slightly wider bandgaps and blueshifted edges with respect to the corresponding sample A spectra. Interference-like features appear outside the stopgaps: they are particularly evident in the air-band transmission branches of sample A spectra. These oscillations originate from interferences between Bloch waves which propagates inside the PC. Due to reflections at the PC boundaries, the Bloch waves achieve round trips inside the slab which finally acts toward them like a thin slab [16] . In the low-energy pass window (i.e., 0. 15-0.20) , reaches values between 80% and 90% for the two samples in both orientations. On the other hand, due to the stonger influence of out-of-plane losses on the air band transmission [12] , a lower level ( 30-60%) is observed in correspondence with the high-energy (i.e., 0.30) pass window. The higher in-plane diffraction efficiency for K than for M [15] lowers values at the K air band edge with respect to the M one. Finally, an average transmission 3%-5% is observed inside the gap for both samples. We will discuss in detail the possible origin of this anomalously high level in Section IV-C. The bumps appearing in the middle of the stop-gap in sample A spectra are to be ascribed to fluctuations in PC fabrication parameters such as .
Since the TE gap width represents an indirect measure of , the photonic bandstructure of the triangular lattice of air holes was calculated for different values and the dielectric and air band edge energy positions were determined as a function of . A standard 2-D PWE method was used [54] . The effect of the vertical confinement on the light propagating through the PC slabs was taken into account assuming 3.24 for the dielectric matrix. Both the space-dependent dielectric constant and the fields are expanded into a plane-wave basis and inserted into Maxwell's equations. The resulting eigenvalue equation provides the frequencies for different -values. Since the investigated system is quasi-2-D with a mirror symmetry in the vertical direction, the modes can be separated into TE and TM polarizations. A complete bandgap calculation performed in the framework of a 2-D FDTD model will be illustrated below. However, it is worth noting that, since its simplicity and precision, the PWE method constitutes a fast characterization tool enabling us to determine the effective value from the position of the band edges. While the energy of the dielectric band edge is roughly independent of for values lower than 0.50, the opposite behavior holds for the air band edge. In the latter case, since the electric field is located mostly in the air holes, the energy of the band edge grows rapidly with [12] . Thus, by fitting the location of the air band edge, the effective values reported in Table I This confirms the quality of the e-beam/etching procedure and the good control of all fabrication parameters. 1 The experimental spectra are compared to theoretical spectra calculated with a 2-D FDTD model (details can be found, for example, in [56] - [60] ). As for previous PWE calculations, an index value 3.24 is assumed for the dielectric matrix. Out-of-plane losses are one of the main factors limiting the actual application of 2-D PC slabs into integrated optics and were carefully investigated. As shown in [18] , it is possible to translate out-of-plane scattering at the air holes into an effective dissipation and to cast losses into a 2-D calculation with a phenomenological loss parameter (e.g., the imaginary coefficient ). This phenomenological approach, once validated with full 3D calculations [43] , allows a significant reduction in computing efforts and it can be used for PWE as well as for FDTD calculations by introducing a nonvanishing conductivity parameter [60] . Finally, in order to absorb the outgoing electromagnetic waves, Berenger's perfectly matched layers were used as absorbing boundaries [61] . and were chosen as free parameters of the fit. The best-fit curves are reported in Fig. 11 , while in Table I the best-fit values for ( ) and are listed. If the dielectric and air pass windows are considered, the quality of the fit is good: the calculated curves reproduce well both the dielectric and the air band edges as well as their "fine structure." On the contrary, a significant discrepancy appears within the photonic bandgap: experimental data give 3-5%, while the best-fit spectra show values as low as 10 -10 . The origin of this discrepancy will be discussed in Section IV-C. The and the values agree. Both for samples A and sample B, ( K) ( M). This can be understood if the hole morphology is taken into account. As shown in Fig. 7 , the top base of the conical holes is slightly elliptical with its principal axis always oriented in the K direction. Therefore, the effective value is different for M and K directions. Beams impinging on K-oriented PC slabs feel a total volume of air higher than that encountered by light travelling in the M direction.
The values deduced for sample A well agree with the corresponding values obtained for sample B. As already shown by the SEM analysis discussed in Section III-B, that indicates that the hole morphology is similar for both values and a good uniformity and reproducibility has been achieved in the fabrication procedure for values ranging from 0.25 to 0.35. However, different values had to be used in order to fit either the dielectric ( 0.045 0.015) or the air ( 0.12 0.04) band edge. An analytic expression for was deduced in [18] using separability arguments and a perturbative approach. Even though in further works [42] - [44] the authors have pointed out the necessity of going beyond some assumptions of [18] , different 2-D calculations [19] have validated the qualitative behavior of [18] : 1 Note that, for the same gap width, a 2-D calculation results in a slightly higher f value than that provided by a full 3-D model [55] . (2) where is the vertical waveguide index contrast, is the hole volume intersected by the guide core, is the extraction efficiency for a dipole situated in the core, and is the confinement factor in the core. In the lithographic tuning approach, high energy contributions to the spectra are obtained keeping and constant while increasing the period and the hole diameter . Therefore, according to (2) , while increasing , increasing values have to be used to fit the experimental spectra. The same argument applies with the hole morphology to explain the discrepancy between the M and K best-fit values. The slightly elliptical hole shape oriented along K results in an anisotropic distribution of the volume and, according to (2) , implies that ( K) ( M). Following [42] - [44] and assuming losses from material absorption and fabrication fluctuations (e.g., surface roughness) to be negligible contributions [12] , [39] , the loss parameter can be written as the sum of two terms, i.e.,
where accounts for intrinsic losses corresponding to the ideal case of infinitely deep holes, while contains contributions both from the finite etch depth and from the hole shape [44] . Two main sources can be identified for : first, the modal mismatch between the confined mode propagating in the bare waveguide and the Bloch mode travelling in the patterned region (see, for example, [62] ). On the other hand, the use of vertical waveguiding heterostructures with low refractive index contrast implies that the PC Bloch modes lie above the light line of the cladding layer and are intrinsically lossy [63] - [65] . Radiation is scattered toward the substrate due both to the finite hole etch depth [43] and to the conical shape of the holes in the bottom cladding layer [44] . It is worth noticing that is an intrinsic property of these types of PC structure and sets the minimum value of losses that can be expected in such structures. From the data obtained in [43] for GaAs-based systems (with higher index contrast and smaller hole diameter) the value 0.015 0.005 can be deduced for these InP-based structures. It is then interesting to evaluate the contribution of from measurements. As mentioned above, the air band is more sensitive to scattering at the air holes than the dielectric one and, since (air band) (diel. band), (air band) sets the upper limit for losses. Therefore, we limited our analysis to the air band, i.e., to PC slabs with 380 nm. From the (air band) data reported in Table I , the average value 0.12 0.04 can be assumed for both samples, yielding 0.105 0.045. The obtained value can be analyzed using the loss model proposed in [44] to separate contributions from hole depth and shape. For this purpose, we consider PC slabs with 400 nm. The cylindro-conical hole shape revealed by the SEMs (see Fig. 5 ) is modeled assuming that the conical part is located entirely in the bottom cladding, while the hole is cylindrical in the top cladding and in the core. The total hole depth is 2.45 m (see Fig. 6 ) and the cone base diameter is 215 nm for both samples. Benisty et al. demonstrated in [43] that, for perfectly cylindrical holes, if the exponentially decaying profile is assumed in the bottom cladding, losses due to the finite hole depth can be expressed as (4) where is a function of the hole diameter and of the vertical index profile [43] , [44] , while is the partial confinement factor, i.e., the overlap integral of the squared field profile with the missing air column region. Moreover, one can define an effective depth of an equivalent cylindrical hole giving rise to the same amount of losses of a cylindro-conical hole [44] .
can be written as an analytical function of and of the cone slope in the first (where ), provided that remains constant until at least [44] . In our case, substituting for in (4) . On the other hand, from the SEM analysis 2.5 0.5 is found for both samples. This discrepancy may be explained considering that the actual geometrical shape of the holes is more complex than the adopted model and both hole bending and the fact that the cones already start within the core have been neglected [see Fig. 5(a) ]. Nevertheless, when the holes have vertical walls inside the cap waveguide layer and no bending is present, information on the hole depth and shape can be safely deduced from the analysis of the experimental values and the model turns out to be predictive [44] . For example it is found that the minimum loss limit could be reached for 0.5 , i.e., for holes with almost vertical walls in some s.
C. 1-D FP Cavities
Typical transmission spectra through 1-D FP cavities between 4-row M PC mirrors (see Section III-C) are shown in Fig. 12(a) and (b) for sample A (with 1.8) and sample B (with 1.9), respectively. In agreement with the results for simple 10-row M PC slabs discussed in Section IV-B, the air band edge lies at 0.26 for sample A and 0.28 for sample B. Due to FP resonances inside the cavity, sharp firstorder peaks in transmission appear within the photonic bandgap at 0.227 and 0.230 for samples A and B, respectively, while a second-order peak appears at 0.290 in sample B spectra because of the larger cavity width. The energy location of the first-order FP resonances for all the investigated cavity widths (see Section III-C) is reported in Fig. 13 for both samples.
For comparison, theoretical spectra were calculated applying the same FDTD method used for the analysis of PC slab spectra (see Section IV-B). The M values reported in Tables I and II were used for f , and W=a. The Airy's function best-fit (dashed lines) of the first-order FP peak for a = 340 nm is shown in the insets for both samples.
calculated spectra are plotted in Fig. 12 . As for simple PC slabs, both the air band edge and the interference-like features in the high-energy pass window are well reproduced, thus confirming the reliability of the fabrication process: no fluctuations can be observed in PC parameters when different structures (4, 8, or 10 row-thick slabs, 1D FP cavities, etc.) are compared. The energy position of the FP resonances, which depends only on the cavity width (see below) [66] , is consistent with calculations. As for simple PC slabs, FDTD calculated spectra do not agree with experimental data inside the photonic bandgap. The base transmission level is still too high and the experimental FP resonances show higher peak transmissions and lower quality factors (where and are the resonance wavelength and the peak width, respectively) than the simulated ones. Two possibilities can be identified in order to explain these discrepancies: either high values have to be ascribed to the existence of some parasitic channels which favor transmission of light through the PC slab, or they are an intrinsic property of these PC structures compatible with the results of FP cavity measurements. In order to clarify this issue, the classical FP resonator theory was applied to these 1-D FP cavities. According to the theory both and are functions of and values for each mirror [40] , [66] , so that the optical properties of the PC-like mirrors can be deduced in an indirect way.
FP peaks were best-fitted with the Airy's formula [40] , [66] 
where and are the transmission and reflection coefficients for a single PC mirror (i.e., for a 4 row-thick M slab), is the waveguide absorption coefficient (see Fig. 10 : 100 cm for 1500 nm) and is the normal incidence round-trip phase; is the actual cavity width taking into account the finite penetration length of the field in each mirror [39] . The physical width is used to calculate the absorption factor since can be considered negligible inside the patterned region. , , and are fitting parameters. In the insets of Fig. 12(a) and (b) we show both the experimental and the best-fitted spectra for the corresponding 1-D FP cavity structures with 340 nm. The best-fit parameter values are reported in Table II. 23% and 14% were found for samples A and B, respectively. These values agree with the corresponding values measured with 4-row M PC slabs with 340 nm (see Table II ). The intrinsic character of high values is then assessed confirming that inside the stopgap the theoretical model (2-D-FDTD ) cannot reproduce and for PC slabs and the related optical parameters (e.g., and ) for FP cavities. Since 62-64%, the overall loss level ranges from 15% for sample A to 22% for sample B. While values are similar to those found for the corresponding GaAsbased structures [12] , [14] , [15] , [39] , the values are unexpectedly high and 100%. Further e-beam lithography tests with different higher irradiation doses have shown that, in spite of increased values, deeper holes with better shape can be obtained with a consequent decreasing of values.
The normalized penetration length was deduced from the best-fitted values. Then, the cavity order [66] 
was calculated inserting the exact values for and . The deduced and values are listed in Table II . The same parameters can be evaluated in an independent way by fitting the experimental data versus with (6) (see Fig. 13 ). As shown in Table II , both sets of values are in perfect agreement. Finally, knowing and [40] , [66] , cavity values were calculated. The relatively low values (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) agree with the limited reflectivity of the PC mirrors.
An important conclusion can be drawn from the comparison between and values obtained inside the stopgap either from the combined analysis of PC slabs and 1-D cavity experimental data, or by means of the theoretical 2-D-FDTD method including a phenomenological dissipation approach. While the model works outside the stopgap, it fails when moving inside the gap. Let us recall that the propagation of light through the PC structure is affected by the finite hole depth in two different ways. First, as mentioned above, light is scattered toward the substrate and this effect is taken into account in the 2-D-FDTD method introducing the loss parameter . Then, the guided light "feels" the holes in the PC as a low refractive index region and is pushed below the guiding layer. This phenomenon is reversible and is neglected in a 2-D calculation. For some reasons which have to be further investigated, the first effect dominates when allowed Bloch modes are considered, while the second one is predominant in the stopgap, i.e., with "evanescent" modes. The influence of the second effect is more pronounced in InP-based PCs than in GaAs-based structures probably because of the combination of the lower index contrast in the planar waveguide and the presence of cylindro-conical holes. It is then evident that further theoretical efforts (e.g., 3D FDTD calculations) are necessary in order to model losses inside the stopgap and/or to find easy figures of merit for the fabrication parameters like those obtained in the 2-D model. Finally, while the minimum loss limit can be easily achieved for light propagating in the PC improving the etching quality (see Section IV-B), bigger technological efforts seem to be necessary to improve PC performance when working inside the stopgap, i.e., in the region of interest for integrated optics device applications. Deeper holes with almost straight walls have to be obtained in order to move toward the theoretical values 1% and 100%.
V. CONCLUSION
We have presented first ILS transmission measurements on 2-D PCs etched in GaInAsP/InP slab waveguide structures. The possibility of transferring this powerful approach to the study of InP-based PCs have been clearly demonstrated and validated both qualitatively and quantitatively. This opens the way toward a complete extension into the 1.5-m spectral range of the experimental and theoretical tools whose potential was already demonstrated in GaAs-based systems at 1.0 m. Once the same information and the same investigation techniques are available, the transfer of results between the two material systems relies mainly on mastering the PC fabrication at the same level. We have shown that a good knowledge of the main issues (e.g., etch depth, hole shape, etc.) for the optimization of InP-based structures has been achieved. The combination between promising experimental results and good agreement with theory makes these first ILS experiments a promising step toward the design and the fabrication of efficient InP-based quasi-2-D PCs with vertical confinement.
As for optical properties as well as for losses, two different regimes have been identified. When light with wavelengths outside the PBG is considered, out-of-plane losses are the main limiting factor for PC performances. Improvements in the hole shape should allow one to lower the light scattering toward the substrate. On the other hand, the situation becomes more complicated for light with energies within the PBG, where the hole "physical" parameters such as the etch depth and the aspect ratio strongly affect the PC optical properties. In this regime, improvements are needed both in fabrication and in theoretical modeling.
